The possible correlation of 4-12 Hz hippocampal field oscillations (theta rhythm) with motor and cognitive behavior was studied by recording the hippocampal electroencephalogram in nonlocomoting rats as they solved a hippocampus-dependent place recognition task. The electroencephalogram (EEG) during the place recognition task was compared with the EEG during a control task, which had the same motor demands but did not require place recognition. In the place recognition task, the rat was passively transported on the periphery of a circular rotating arena, operant responses (lever pressing in Experiment 1 and licking in Experiment 2) emitted in a 608 reward sector of the arena trajectory were reinforced. As expected the theta rhythm was observed during ''voluntary'' movements such as walking and lever pressing. During walking and lever pressing, when prominent theta was observed, the frequency increased within the first 10 min of a session. When the rats were not moving, during licking or staying motionless, both the theta amplitude and frequency were lower compared with the EEG during walking. There were no correlations between any theta characteristics and cognitive demand of the tasks. ' 2005 Wiley-Liss, Inc.
INTRODUCTION
Substantial evidence relates the hippocampal theta rhythm (extracellular field potential oscillation with frequencies of 4-12 Hz) to learningrelated synaptic plasticity. Larson et al. (1986) showed that 10 short bursts of high-frequency stimulation repeated at 5 Hz induced long-term potentiation (LTP) in CA3 projections to CA1 in vitro. In vivo studies in anesthetized and awake rats reported that stimulation on the positive phase of theta-induced LTP, while stimulation on the negative phase had the opposite effect (Pavlides et al., 1988; Otto et al., 1991; Hölscher et al., 1997; Hyman et al., 2003) .
Recent EEG studies in humans correlated theta oscillations and learning. Theta was observed during virtual maze navigation (Kahana et al., 1999) and was correlated with parameters of working memory tasks (Klimesch, 1999; Tesche and Karhu, 2000) , and with expectancy or attention directed to stimulus onset in an omitted stimulus paradigm Basar-Eroglu et al., 1992) .
Attempts to correlate theta with learning in laboratory animals performing cognitive tasks did not lead to distinct conclusions. Adey (1967) reported that theta frequency increased during approach learning. Grastyán et al. (1959) found that theta was associated with the early stages of development of conditioned reflexes and that it disappeared together with orienting behavior as learning proceeded. Pickenhain and Klingberg (1965) reported a correlation of the theta rhythm with the nonautomatic intended acts of animals. Vanderwolf (1969) and Whishaw and Vanderwolf (1973) showed that theta was strongly correlated with the voluntary movements of rats (walking, running, jumping) and was not present during automatic motor behaviors (licking, chewing food, or grooming) unless they were accompanied by voluntary movements. Despite theoretical and physiological studies showing strong relations between theta and information processing correlates of hippocampal pyramidal cells (Skaggs et al., 1996; Hasselmo et al., 2002; Harris et al., 2002; Huxter et al., 2003) , the view that the theta rhythm is related to movement has overshadowed the idea that the theta rhythm is a correlate of learning.
There appear to be two conflicting opinions on the role of hippocampal theta. Theta is a correlate of voluntary movements, and is absent in rats during automatic behaviors or motionlessness. In contrast, theta organizes the activity of hippocampal pyramidal cells (Fox et al., 1986) , and is involved in synaptic plasticity, phenomena thought to be associated with cognition. These two opinions are compatible when the moving rat has to solve a task and remember the solution, but when the rat does not move and yet has to solve a hippocampus-dependent task and form memories, these opinions predict different results. The movement hypothesis predicts absence of theta, while according to the cognitive hypothesis, theta should be preserved. We adapted a hippocampus-dependent (D. Klement et al., in press) place recognition task (Klement and Bureš, 2000) to decide between the discrepant predictions. The place recognition task required a passively moved rat to indicate a rewarded location. The rat was trained to stay at the periphery of a circular arena and was moved through the environment by the rotation of the arena. Only operant responses emitted within a certain 608 segment of the environment were reinforced. In this task, hippocampal information processing was required, but locomotion was suppressed. We used two types of operant responses. In Experiment 1, the rat had to press a lever to gain access to food pellets. The rat's movement was minimized even more in Experiment 2 by requiring the rat to hold its head still. The operant response was licking which is itself not accompanied by theta (Vanderwolf, 1969) .
METHODS

Animals
Eight adult male Long-Evans rats weighing 250-350 g (from the breeding colony of the Institute of Physiology, Academy of Sciences of the Czech Republic, Prague) were used. The animals were housed on a 12-h/12-h light-dark cycle, in a temperature controlled (218C) room and tested during the light phase of a day. The animals were treated according to institutional and NIH guidelines and the directive of the European Community Council (86/609/ECC).
Surgery
The rats were anesthetized with 50 mg/kg nembutal. The skull was exposed. Two sets of 140-mm NiChrome wire electrodes were implanted, one in each hippocampus, and attached to a connector and fixed to the skull by dental acrylic and bone screws. The electrodes were positioned within the hippocampus at the anteroposterior À3.8-mm; mediolateral 62-mm coordinates (Paxinos and Watson, 1986) . One array was composed of three electrodes of different length, equally spaced; the deepest electrode tip was 4.0 mm, and the most superficial electrode was 2.0 mm below the skull. The other set had four electrodes of different lengths, equally spaced 2.5-4.0 mm below the skull.
Experiment 1: Lever Pressing
A circular rotating arena (diameter 100 cm; period 38 s) was surrounded by black curtains, on which there were two polarizing cues. There was a feeder with a lever on the periphery of the arena. The feeder was filled with 20-mg pasta pellets that were accessible through a lockable door (Fig. 1A,B) . The sense of arena rotation was changed pseudo-randomly; all positions along the arena trajectory were visited equally often. Rats were rewarded only for lever presses emitted in a 608 ''reward sector'' of the arena trajectory defined with respect to the room landmarks. If a rat pressed the lever in the reward sector, the rat could access food for 5 s. The rat was punished for pressing the lever outside the reward sector; the arena rotation stopped for 5 s to delay the potential for reward.
In the control task, the feeder door opened after every lever press, regardless of the position of the feeder in the room. In the control task, the motivation and the operant behavior of the animals were the same as in the place recognition task, but the rats were not reinforced to identify their position within the experimental room.
A camera mounted above the arena was used to track the positions of the light-emitting diodes (LED) on the arena and the rat and hence the rotation of the arena and the movements of the rat. Signals from the camera and lever were transmitted to a computer in an adjacent room. Custom software analyzed the positions of the rat and feeder, and controlled the movements of the arena, and the opening and closing of the feeder latch.
Experiment 2: Licking
Licking was used instead of lever pressing, to minimize movements related to getting reward. The same arena and room as in Experiment 1 were used. A water fountain that could deliver water to the rat replaced the lever and feeder. The fountain contained photodetectors to detect the presence of the rat's head and tongue (Fig. 1C) .
In the place recognition task, the arena rotated and the rat was reinforced to lick in a certain 608 reward sector of the environment. Each lick (tongue detection) emitted in the reward sector was reinforced by delivery of water for 1 s. Each lick emitted outside the reward sector was punished by stopping the arena rotation for 3 s. To reinforce a rat to hold its head within the fountain (and thus stay motionless), the arena movement stopped whenever the head was not detected at the fountain, delaying access to potential reward. Consequently, the rat controlled whether the arena rotated by keeping its head at the water fountain.
Training Protocol in Experiment 1: Lever Pressing
Four naive rats were implanted with electrodes. After a week's recovery the diet was restricted to maintain the weight A: In the place recognition task, the rat was placed on a circular rotatable arena. The arena was surrounded by a black curtain. Two sheets of paper were hung on the curtain as landmarks. The rat was rewarded for operant responses emitted in a 608 segment of the arena trajectory, called the reward sector. B: In Experiment 1, a feeder with a lever was placed on the periphery of the arena. Lever presses emitted within the reward sector caused the feeder door to open. C: In Experiment 2, a water fountain was placed on the periphery of the arena. Licks within the reward sector were rewarded by delivery of water.
at 85% of the free-feeding value. The rats were trained for 30-40 min each day to press a lever to get access to the food in the feeder. When they were familiar with the lever pressing, EEG was recorded for two to four control sessions. The rats were then trained in the place recognition task. They were trained to recognize a particular reward sector. After one to three sessions when they recognized the reward place, the reward location was changed and a new reward location was used for another few sessions.
Training Protocol in Experiment 2: Licking
Naive rats were used. The task was difficult to learn and required five stages of shaping. (1) First, the rat was trained to lick water from the fountain. (2) The rat was then trained to do the place recognition task; licks were rewarded only in the 608 reward sector and the arena rotation never stopped. (3) Training continued, but the arena rotation stopped if the rat's head was not detected at the fountain; this way, the rat was trained to hold its head in the fountain to rotate the arena. The rat was not punished for licks outside the reward sector at this stage of shaping. (4) Next, the rat was trained to suppress licking outside the reward sector. The arena stopped after licks outside the reward sector, but not when the head was not detected. (5) Finally, the rat was trained to perform the complete place recognition task. The arena only rotated when the head was in the fountain, and licks outside the reward sector were punished by stopping the arena.
A single reward location was used during shaping. After training, the electrodes were implanted. After a week for recovery, training continued until the rats reached the pre-surgical level of performance. EEG was recorded during two place recognition sessions with the same ''familiar'' reward sector as during training. Then, the rats were trained in four sessions to a ''novel'' reward sector that was opposite (1808) the familiar reward sector. Finally, recordings were made during two control sessions in which the same apparatus was used, but water was available for 1 s every 6 s. One control session was performed in light and the other in darkness. The arena did not rotate during the control sessions.
Data Recording and Analysis
The positions of the rat and arena were recorded at 10 Hz. The speed of the rat's movement was computed every 300 ms. The intrinsic tracking error was 0.6 cm/s as measured by a stationary LED. The EEG was filtered at 0.1-500 Hz and amplified 1,000-10,000 times. In each rat, the electrode with the largest theta amplitude during walking was selected for analysis. Power spectra (1-20 Hz) for 1-s intervals were calculated. The epochs of EEG with high amplitude of low-frequency modulation (amplitude > 2 mV at frequencies of <2 Hz) that often saturated amplifiers were excluded from the analysis.
A within-subjects design was used to test whether theta is related to hippocampus-dependent spatial cognition. We compared theta parameters in place recognition and control tasks. Since theta is strongly influenced by motor behavior, we only analyzed the EEG in 1-s intervals when behavior was well defined. Differences in theta between place recognition and the control task during the same behavior, should then be due to the different demands on hippocampal information processing of the tasks.
In Experiment 1, there were two types of well-defined behavior: (1) intervals 1 s before lever pressing, when the rat was reaching and preparing to press the lever; and (2) walking (speed > 15 cm/s).
In Experiment 2, we were able to define four types of behavior: (1) walking (speed > 15 cm/s); (2) when the rat's head was detected and the tongue was not, we call this behavior rotating, because the arena only rotated in this circumstance; (3) licking, when the tongue was detected; and (4) the 1-s interval before licking.
In Experiment 2, theta was analyzed in three experimental conditions: (1) place recognition of a familiar location, (2) place recognition of a novel location, and (3) control: nonspatial licking on the stable (not-rotating) arena.
Three measures were used to characterize the EEG: modal frequency, theta score, and fast theta score. The theta score is the relative power in the theta band. It was computed as the power between 4 and 9 Hz divided by the power between 3 and 20 Hz. The theta score could range from zero (no power at theta frequencies) to one (only theta frequencies). The fast theta score was computed to measure the proportion of fast frequencies in the theta range. It was calculated as a sum of power between 8 and 9 Hz divided by the sum of power between 6 and 9 Hz. The fast theta score could also range between zero (only theta frequencies lower than 8 Hz present) and one (only frequencies higher than or equal to 8 Hz present).
Comparisons were made between experimental conditions and across different behaviors by t-test for dependent samples, oneor two-way, repeated-measures analysis of variance (ANOVA), and the 2 test. The data are reported as averages 6 SEM.
RESULTS
Experiment 1: Lever Pressing
Behavior in place recognition task
Trained rats spent 42 6 6% of time within 5 cm of the feeder, and 74 6 2% of the time within 10 cm of the feeder (D. Klement et al., in press ). Only two animals provided enough data to analyze walking. The lever was 5 cm above the arena surface, so the rat usually made a substantial postural movement before every lever press. The trained rats recognized the reward sector and pressed the lever predominantly in its vicinity. As the rats were being moved to the reward sector by the rotating arena, their lever pressing increased. As a result of this anticipatory pressing, they received the reward soon after they entered the reward sector. They ate the reward immediately, which took them a few seconds. While eating, the rats did not press the lever, and therefore only a few lever presses were emitted in the second half of the reward sector. Once the rats were trained, 49 6 4% of lever presses were emitted within the 608 of the arena trajectory covering the 408 of the arena trajectory before entering the reward sector and the first 208 in the reward sector, which is significantly more than would be expected if responses were emitted homogeneously (16.7%) along the arena trajectory (df ¼ 5, 2 range 27.0-195.0, P-values of <0.001; Fig. 2 ).
EEG during place recognition and control sessions
Before lever pressing, the EEG was characterized by theta of 7-8 Hz and amplitude 100-600 mV (Fig. 3 ). There were no differences in the theta score (t 3 ¼ 0.32, P ¼ 0.77) or modal frequency (t 3 ¼ 0.55, P ¼ 0.62) before lever pressing in place recognition and control experiments. The data from place recognition experiments and control experiments were further analyzed together. In the two rats that provided walking data, there was no difference in the theta score (t 1 ¼ 0.23, P ¼ 0.85) or modal frequency (t 1 ¼ 0.37, P ¼ 0.77) between EEG during walking and lever pressing (Fig. 4) .
The theta frequency increased within a session (Fig. 5A) . The sessions were divided into 10 3-min intervals. The fast theta score changed significantly with time during both lever pressing (F 9,27 ¼ 7.19, P ¼ 3 Â 10 À5 ) and walking (F 9,9 ¼ 5.06, P ¼ 0.012). Newman-Keuls post hoc analysis indicated that modal frequency increased between the first and third 3-min intervals (P < 0.005). The speed of walking cannot account for the increase in theta frequency because it did not change significantly within a session (F 9,9 ¼ 1.03, P ¼ 0.55; Fig. 5B ).
Experiment 2: Licking
Behavior in place recognition task
Experiment 2 was designed to determine whether the theta observed in Experiment 1 was only related to the movements associated with preparing to press the lever or was also related to the cognitive demands of the place recognition task. The rats had to solve a similar cognitive task, but their movements were further suppressed because they were trained to hold their head still and licking was the operant response.
The three well-trained rats spent 76.0 6 0.6% of a session with their heads detected in the waterspout (Fig. 6) . Their heads were detected, but their tongues were not for 59.1 6 4.1% of a session. In this case, the arena was rotating. In these conditions, the rats were often motionless with their heads
Distribution of lever presses in the place recognition task during representative sessions of four different rats. The arena trajectory was divided into 108 segments, and the number of lever presses in each segment is plotted. The thick and thin curves show the distribution of lever presses emitted during clockwise and counterclockwise rotation of the arena, respectively. The animals pressed the lever predominantly as they approached the 608 reward sector. Examples of the EEG recorded during 1-s intervals before lever presses in the place recognition task. The theta rhythm dominated the EEG. A: Theta score of EEG 1 s before lever press during the place recognition and control tasks and during walking (speed > 15 cm/s). There were no significant differences in the theta score between the two tasks. B: Modal frequency of the power spectra from hippocampal EEG during 1-s intervals before lever press and during walking. 7-8 Hz theta oscillations dominated the EEG during both lever pressing and walking. There were no significant differences between different experimental conditions. within the fountain, or they were biting the edge of the fountain. The average speed measured from the tracked LED was 2.9 cm/s. The tongue was detected for 16.9 6 3.8% of a session, suggesting the rats were licking. During licking the average speed was 2.4 cm/s. The rats typically spent the first few minutes of a session walking in the arena and only later they approached the fountain. The head was detected in the fountain only for 15.7 6 10.0% of the first 5 min of a session.
Rats increased their licking as the arena approached the reward sector, and they continued to lick as the water was delivered and after the arena left the reward sector, but water was still left at the spout. We were interested in licking associated with recognition of the reward sector rather than in licking associated with drinking, and therefore licking inside the reward sector and the 208 after the reward sector, that could be associated with drinking, were excluded from analysis. The distribution of licking in the remaining 2808 was analyzed. The spatial distribution of the analyzed licking for four rats is shown in Figure 6 . Three of the rats exhibited clear increases of licking in anticipation of reward, two of them had a few licks everywhere else in the environment while the third rat licked everywhere in the environment, but still increased licking in anticipation of water. The average percentage of licking in the 208 anticipatory segment were 41 6 9%, 38 6 8%, and 18 6 2% for rats 1, 2, and 3, respectively, which is significantly more than would be expected if the distribution of licks was homogeneous (7.2%) (df ¼ 13; rat 1: 2 ¼ 226, P < 0.0001; rat 2: 2 ¼ 158, P < 0.0001; rat 3: 2 ¼ 25, P < 0.05). The distribution of licking of the fourth rat was not different from homogeneous (df ¼ 13, 2 ¼ 5.9, P ¼ 0.95).
Learning a new location of the reward sector
The average percentage of licks in the 408 anticipatory sector was analyzed for two sessions with a familiar reward sector and for four sessions when the rats were learning a new location of the reward sector. The learning curves for the three rats that recognized the familiar reward sector are shown in Figure 7 . Rat 1 learned to recognize the novel reward sector in one session; rat 2 learned the new location in three sessions; and rat 3 improved its performance slowly over four sessions.
EEG during place recognition and control sessions
During walking the EEG was characterized by theta with frequencies between 7-8 Hz and amplitude of 300-500 mV. During other behaviors theta was substantially reduced (Fig. 8) . The theta score was higher during walking than during the other three behaviors in all three experimental conditions (F 3,6 ¼ 9.81, P ¼ 0.01). There was no significant effect of experi- Distribution of licking in the place recognition task during typical sessions of the four different rats. Three of the rats (A-C) increased licking as the arena approached the 608 reward sector marked by an arc. The fourth rat (D) did not demonstrate recognition of the reward sector. E: Position of a rat is shown every second. The rat spent most of the time close to the water fountain located on the left side. F: Position of the rat when the rat's tongue was detected at the water spout. A: Change in theta frequency within a session was assessed by the fast theta score. The first 30 min of each session were divided into 3-min intervals and average fast theta score during these intervals was computed. A significant increase in frequency within a session was detected during walking as well as lever pressing. B: Change in walking speed within a session. mental condition (F 2,4 ¼ 0.49, P ¼ 0.65), and no interaction (F 6,12 ¼ 0.75, P ¼ 0.62; Fig. 9A) . Similarly, the modal frequency in the power spectra was higher during walking than during the other three behaviors in all three experimental conditions (F 3,6 ¼ 14.50, P ¼ 0.004). Neither the effects of experimental condition (F 2,4 ¼ 0.35, P ¼ 0.72), or the interaction (F 6,12 ¼ 0.63, P ¼ 0.70; Fig. 9B ) were significant.
The change of theta frequency within a session during walking was evaluated by the fast theta score (power at 8-9 Hz divided by power at 6-9 Hz). For other behaviors the fast theta score was evaluated as power at 6-7 Hz divided by power at 4-7 Hz, because of the lower modal frequency of EEG during these behaviors. The fast theta score did not change significantly within a session for any of the three nonwalking behaviors. Theta rhythm during walking could not be analyzed across the 30-min session because rats spent most of the time at the water fountain after the first 10 min of an experiment. When the first 10 min of each session were divided into 2-min intervals, there was a significant increase in the fast theta score within a session during walking (F 4,12 ¼ 7.27, P < 0.003), but not during the other behaviors (Fig. 10) . Newman-Keuls post hoc tests indicated a significant increase in frequency between the first and the third 2-min intervals (P < 0.05).
DISCUSSION
To analyze the possible correlation of the theta rhythm with motor and/or cognitive activity we recorded the hippocampal EEG in non-locomoting rats as they solved a hippocampusdependent place recognition task and a control task with the same operant behavior, but without a spatial reinforcement contingency. Hippocampal theta was observed in virtually motionless rats, but neither the presence nor the characteristics of theta were related to place recognition. As expected (Vanderwolf, 1969 ) theta was observed during walking and lever pressing. Theta was suppressed during nonmoving behaviors in both the control task and in the hippocampus-dependent place recognition task. Notably, theta did not disappear; the theta scores (>0.6) were significantly higher than would be expected for a homogeneous distribution of frequencies (0.33). During walking and lever pressing, the frequency of theta increased within the first 10 min of sessions.
The discharge of hippocampal neurons is organized in time by theta (Fox et al., 1986; O'Keefe and Recce, 1993; Skaggs et al., 1996; Harris et al., 2002) . Stimulation at theta frequen-
Examples of the EEG recorded during three different behavioral conditions within one session of the place recognition task. During walking (A), the theta rhythm dominated the EEG. During licking (B) and rotating (C), the EEG was less regular; theta was reduced. Learning a novel location of the reward sector. The average proportion of licks in the 408 anticipatory sector was analyzed for two sessions with a familiar reward sector and four sessions when the rats were learning a novel location of the reward sector. Rat 1 learned to recognize the novel reward sector in one session, rat 2 learned the new location in three sessions, and rat 3 improved its performance only slowly over four sessions.
cies is an efficient protocol for evoking synaptic changes and whether potentiation or depression occurs is determined by the particular theta phase of the stimulus (Pavlides et al., 1988; Otto et al., 1991; Hölscher et al., 1997; Hyman et al., 2003) . Decoding the rat's location from place cell discharge is improved when the theta phase of spiking is used (O'Keefe and Recce 1993; Skaggs et al 1996; Huxter et al., 2003) . Our data, however, do not support the view that theta is specifically involved in hippocampal information processing. The presence or characteristics of theta did not depend on the necessity to solve a hippocampus-dependent place recognition task. While the place recognition and control tasks differed in the demand for spatial cognition, we could not control spatial information processing per se in the two tasks. Since we cannot ensure that the rat's spatial information processing was decreased in control tasks, the result that theta was unrelated to the place recognition task is not strictly incompatible with a possible role of theta in hippocampal information processing.
During walking and lever pressing, theta with a frequency around 8 Hz was observed while during licking and staying motionless the modal frequency in the EEG decreased to 5-6 Hz. These results are consistent with the classification of two types of hippocampal theta (Kramis et al., 1975) . Type I theta with frequencies of 7-12 Hz is observed during voluntary movements and is insensitive to muscarinic antagonist (e.g., atropine sulfate) administration. A lower frequency type II theta (4-7 Hz) is observed during motionlessness or urethane anesthesia and is blocked by atropine. Neither the type I or II theta was related to cognitive demand in the present study.
The one characteristic of theta that seemed related to place recognition was the frequency increase observed before spatially contingent lever pressing in Experiment 1. The increase was also observed in Experiment 2, but only when the rats were walking. Since the frequency increase was not observed while the rats were making spatially contingent operant responses in Experiment 2, it was most likely related to motor activity. Whishaw and Vanderwolf (1973) analyzed theta in rats in a running wheel. These investigators did not observe an increase in theta frequency during 1-h sessions. They analyzed EEG whenever the rat was in the running wheel; therefore, their data contain EEG recorded when the rat was running, as well as EEG when the rat was resting. The theta frequency increase we noticed was detected when the rat was walking faster than 15 cm/s. Theta frequency and running speed were not correlated, which is consistent with observations of Whishaw and Vanderwolf (1973) and Czurkó et al. (1999) . One possible source of the frequency increase within the early minutes of an experimental session could be an activity-related increase in the rat's body temperature. Ahlers et al. (1991) showed that during lever pressing in a delayed matching-to-sample task both intraperitoneal and hippocampal temperature increased from approximately 37.258C at the beginning of a session to 398C 1 h later. Whishaw and Vanderwolf (1971) showed that the theta frequency increased with an increase in rectal temperature approximately lin- A: Theta score during different behaviors and different experimental conditions in Experiment 2. Theta score was higher during walking than during behaviors that were not accompanied by gross movements. There were no significant differences between different experimental conditions. B: Modal frequency of power spectra from hippocampal EEG during different behaviors and different experimental conditions. 7-8 Hz, theta oscillations dominated the EEG during walking. Lower frequencies were present during other behaviors that were not accompanied by gross movements. There were no significant differences between different experimental conditions. FIGURE 10.
Change of fast theta score within a session during different behaviors. The first 10 min of each session were divided into 2-min intervals. A significant increase in frequency with time was detected only when the rats were walking.
early by 0.4 Hz per 18C. Based on these data, an increase of body temperature from 378C to 398C would lead to a shift in theta frequency from 8.0 to 8.8 Hz. Observations of Ahlers et al. (1991) and Whishaw and Vanderwolf (1971) predict that the increase in body temperature during physically challenging behaviors (walking and lever pressing) would lead to an increase in theta frequency. Our observation of theta frequency increase during the first 10 min is consistent with such a prediction.
An activity-dependent theta frequency increase may have implications for a phenomenon described by Mehta et al. (1997) . Firing fields increased in size and expanded in the direction opposite to the movement while the rat ran laps on a circular track. If the theta frequency shift that we observed also occurs during lap running, it could potentially account for the reported changes in place cell activity. Under the assumption that the average number of spikes per theta cycle does not depend on theta frequency, the firing of place cells should increase with the increase in theta frequency. This increased firing would lead to an earlier activation of place cells that code location in the direction of the movement and therefore to a backward expansion of firing fields.
